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We have studied the cubic to tetragonal phase transition in epitaxial SrTiC>3 films under various 
biaxial strain conditions using synchrotron X-ray diffraction. Measuring the superlattice peak asso- 
ciated with TiOg octahedra rotation in the low temperature tetragonal phase indicates the presence 
of a phase transition whose critical temperature is a strong function of strain, with Tc as much as 
50K above the corresponding bulk temperature. Surprisingly, the lattice constants evolve smoothly 
through the transition with no indication of a phase change. This signals an important change in 
the nature of the phase transition due to the epitaxy strain and substrate clamping effect. The 
internal degrees of freedom (Ti06 rotations) have become uncoupled from the overall lattice shape. 



Perovskite films have received a great deal of interest 
lately due to the potential for creating working technolo- 
gies based on a variety of interesting properties such as 
high-Tc superconductivity, colossal magneto-resistivity, 
ferro-electricity, and variable dielectric constants. These 
properties can be quite different in thin films versus nom- 
inally similar bulk samples. The primary reasons for the 
changes in properties are believed to be strain and de- 
fects. There is also an emerging theoretical effort to treat 
the effects of strain. To understand the mechanisms for 
these changes we must be able to conduct detailed micro- 
scopic measurements of the atomic and electronic struc- 
ture. 

SrTiC>3 (STO) is a nearly ferroelectric material with 
a large dielectric nonlinearity and low dielectric loss at 
cryogenic temperature, making it ideal for tunable mi- 
crowave devices 0. STO is also a good model sys- 
tem for studying structural phase transitions. Bulk 
STO crystals are cubic at room temperature, with space 
group Pm3m(Oj ! ), but become tetragonal, space group 
I4/mcm(D^), below about 105K. This phase transition 
involves the rotation of TiOg octahedra and has been 
featured historically in the study of structural phase 
transitions as the classic example of a soft-mode phase 
transition^. The unit cell of the tetragonal phase has a 
volume four times that of the cubic unit cell, with approx- 
imate unit cell of v / 2axv / 2ax2a, where a is the lattice 
parameter of cubic unit cell, fn this paper we describe 
the tetragonal phase as pseudo-cubic, in order to com- 
pare the structure before and after the phase transition. 
In this pseudo-cubic frame, the tetragonal phase has ad- 
ditional superlattice peaks at half integer index positions. 
These superlattice peaks disappear as the temperature is 
raised through the tetragonal-cubic phase transition. 
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In the bulk, the deviation from cubic symmetry is di- 
rectly related to the rotation angle of the Ti06 octahe- 
dra. This rotation angle has been identified as the order 
parameter for this phase transition^- Correspondingly, 
the intensities of the superlattice peaks are proportional 
to the square of the order parameter and can be used to 
track the phase transition. 

For a second-order structural phase transition, usually 
the volume of the unit cell changes smoothly through 
the transition temperature, but lattice parameter versus 
temperature curves have a sudden change in slope. This 
is the case for bulk STO0Q- For epitaxial films the in- 
plane lattice parameters are subject to lateral restraint 
from the substrate and therefore do not have the free- 
dom to change as in bulk. In this paper we show that 
for epitaxial films of STO the lattice parameters are in- 
deed constrained though this does not completely inhibit 
the occurrence of the soft-mode phase transition. The 
strains do change both the transition temperature and 
the nature of the transition. 

The films studied were STO films grown on (001) 
LaA103 (LAO) single crystal substrate with SrRu03 
(SRO) buffer layers. The samples were grown using the 
Pulsed Laser Deposition technique with details described 
elsewhere 0. X-ray diffraction implies excellent epitaxy 
with average mosaics around 0.2 degrees and no de- 
tectable misoriented regions. Several different measure- 
ments of films grown in the same system under the same 
conditions have been reported elsewhere0@- All of the 
samples were of the type STO/SRO/LAO with variations 
of either the STO or SRO thickness. The main study 
consisted of STO films with thickness varying from 50 to 
lOOOnm on a SRO-buffer layer 350nm thick. A secondary 
study investigated STO films 200nm thick on SRO buffer 
layers with thickness from to 350nm. X-ray diffraction 
measurements were carried out at beamline X22A at the 
National Synchrotron Lights Source at Brookhaven Na- 
tional Laboratory. X22A has a bent Si(lll) monochro- 
mator, giving a small beam spot and fixed incident pho- 
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FIG. 1: (a) (1/2. 1/2, 7/2) peaks of STO and SRO at different 
temperature, (b) intensity of STO superlattice peak versus 
temperature. 



ton energy of 10 keV. The longitudinal resolution with a 
Si(lll) analyzer was at least O.OOlA" 1 (HWHM) for an 
(0,0,2) peak, as measured from the LAO substrate. Be- 
low room temperature the sample was cooled in a closed 
cycle refrigerator with a temperature control of ±0.5°. 

We choose the coordinate system such that the axis 
normal to the film surface is the c axis. Like bulk STO, 
all of our STO films have extra half-integer superlattice 
peaks at low temperature. The intensity of these peaks 
decreases as the temperature rises and the peaks van- 
ish at 130-170K for different samples. Thus the STO 
films also have a phase transition with similar symme- 
try change as seen in the bulk. Fig. ^ shows an ex- 
ample of such a superlattice peak for a [lOOOnm STO 
/ 350nm SRO] sample. In the first panel are raw data 
scans through the (1/2, 1/2, 7/2) peak at some repre- 
sentative temperatures. The presence of a superlattice 
peak for SRO is a result of its structural phase transition 
occuring at ~800K. The STO and SRO peaks are well 
resolved and the STO peak intensity decreases with in- 
creasing temperature. Fig.^panel (b) is a summary plot 
of the peak intensity versus temperature. Compared to 
the bulk, the intensity versus temperature curve is shifted 
towards higher temperature. The intensity does not fall 
abruptly to zero but includes a tail that extends to higher 
temperature. This indicates that the phase transition is 
rounded and occurs over a range of temperature. This 
rounded transition is most likely due to the presence of a 
range of local strains within the film. Due to the round- 
ing of the transition, we need to derive a method for 
extracting the average Tc- We extrapolate the linear 
portion of the curve between 10% to 40% maximum in- 
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FIG. 2: (a) Temperature dependence of peak intensity for 
STO films of different thickness, (b) detail of (a), shows the 
change of temperature of phase transition, ATc, (c) temper- 
ature dependence of peak intensity for STO films on different 
buffer layers. 



tensity and define the transition temperature as where 
this line crosses the zero intensity. The use of a linear 
function is justified by the data itself as well as previous 
work that has found a power law coefficient b very close 
to one for this phase transition in bulk samples 9] . While 
this method may produce Tc too high by a few degrees 
(<5K), it allows for an accurate comparison of Tc be- 
tween different films. We believe we can determine AT^ 
to about 0.5K. 

For samples with a 350nm SRO buffer layer and vary- 
ing STO thickness, Tc increases monotonically with in- 
plane strain as shown in Fig. Efa), and in more detail 
in Fig. HTb). The difference, AT C , is about 14K (or 
AT C /T C ~10%) between the lOOOnm STO sample and 
50nm sample although the in-plane strain at room tem- 
perature measured by glancing incidence x-ray diffraction 
(not shown) only changes from 0.01% to 0.23%. The thin- 
ner film, with greater strain, has the higher Tc, while 
thicker film has Tc close to the bulk value. Thus the 
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FIG. 3: The temperature dependence of STO lattice param- 
eter c, shows no abrupt change through the whole range. 



structural phase transition is very sensitive to the biaxial 
strain caused by the lattice mismatch at the interface, 
with the ratio (ATc/Tc)/e ^45, where e is the in-plane 
strain. 

We also studied a series of samples with the same 
200nm STO layer but varying the thickness of SRO buffer 
layer. Here we observed even larger effect of strain on Tc, 
as shown in Fig.Efc). In this case the largest strains and 
the largest shifts in Tc appear for SRO buffer layers of 
intermediate thickness. We believe this is due to the com- 
plexity of the SRO domain structure. The highest Tc is 
in the sample with a 20nm SRO buffer layer. In this 
case, Tc is shifted about 30K above the STO film on a 
350nm buffer and about 40K above the most bulk like of 
our films [lOOOnm STO / 350nm SRO]. Clearly the over- 
all rise in Tc can be quite large. Further detail will be 
given in a follow up paper 0, that also includes a dis- 
cussion of the temperature-stra in p hase diagram which 
has been theoretically predicted [llj. 

Although from the presence of the superlattice peaks 
we can see that there is a phase transition near 130K, the 
out-of-plane lattice constants evolve smoothly through 
the transition temperature with no indication of the tran- 
sition. This is illustrated in Fig. for the 200nm STO 
/ 350nm SRO film. The variation in lattice constant 
is merely the thermal expansion with no indication of 
a phase transition. This is obviously different from the 
bulk STO where a sudden slope change is clearly seen at 
105K 5] 12]. We ascribe this effect to the clamping effect 
of the substrate upon the film. The film in-plane lattice 
parameters are not free to move to their bulk equilibrium 
values because they are tied to the substrate lattice. Our 
experiments show that the overall film is tetragonal at 
all temperatures measured. However this doesn't prevent 
the TiOg octahedra from rotating and ordering leading 
to a reduced symmetry phase. In fact the tetragonal cell 
shape seems to favor the rotation of TiOg octahedra, sta- 
bilizing the lower symmetry phase and enhancing Tc- 

It is a remarkable that the phase transition in the STO 
films involves a lowering of the internal symmetry due to 
TiOe octahedra rotations without a change in the unit 
cell size and shape. This unique phase transition man- 



ifests a decoupling of the internal degree of freedom of 
TiOe rotation and the external degree of freedom of the 
unit cell dimensions. Such a difference between the na- 
ture of structural phase transitions in epitaxial films and 
bulk materials may occur in many situations and should 
be considered in analyzing a variety of results. 

Raman scattering experiments on similar films have 
studied the temperature dependence of the structural 
R modes, which are Raman active only below Tr>|l3|. 
In bulk STO these phonons disappear at 105K, while in 
thin films their intensity vanishes at about 120±5K. The 
mode is detectable in Raman upon the doubling of the 
unit cell thus folding this mode back to the zone center. 
This change is dependent upon the rotation of the octa- 
hedra and not the presence of a tetragonal unit cell. In 
contrast, dielectric measurements show obvious thickness 
dependence and the temperature range over which the di- 
electric constant is tunable by an electric field is vastly 
increased versus the bulk [3 ■ The empirical evidence sug- 
gests that this behavior is connected to the presence of a 
tetragonal unit cell. 

A review of the literature reveals that a similar effect 
may exist in BaTi0 3 (BTO) films. Bulk BTO has a se- 
ries of phase transitions at 183K, 278K and 403K, at each 
of which the lattice constants change drastically. All of 
the lower temperature phases are ferroelectric. In con- 
trast, lattice parameter measurements of epitaxial films 
show no abrupt changes in either the a or c constant, 
which both increase roughly linearly with temperature 
from 15K to 8OOK0. However, it appears from elec- 
trical measurements that the ferroelectric phase tran- 
sition still occurs in similar BTO films on a Pt/MgO 
substrate^! ^(|. Ferroelectricity is due to the shift of 
position of the Ti ion with respect to the O octahedron 
surrounding it, not the cubic to tetragonal change in the 
unit cell. Thus ferroelectricity is due to the internal de- 
gree of freedom of the phase transition. The ferroelectric 
transition in BTO films seems to be another example of 
an epitaxy strain and substrate clamping effect that per- 
mits a phase transition in the internal atomic arrange- 
ments (ferroelectricity) but does not allow external di- 
mension changes. 

It appears that the decoupling of the internal and ex- 
ternal aspects of a phase transition in films is not uni- 
versal. One example is NdNi03. Both bulk and films 
of this material have a metal-insulator transition around 
200K. Recent x-ray diffraction measurements on epitax- 
ial films of NdNiOs on LaA103 have shown that the out 
of plane lattice constant exhibits a sudden change at the 
transition|17j. Further experiments are ongoing to try 
to determine what makes the two transitions fundamen- 
tally different with respect to the clamping effect of the 
substrate and the relaxation of the overall unit cell di- 
mensions. 

We acknowledge S. P. Alpay for helpful discussion. 
BW thanks the A. P. Sloan Foundation Research Fel- 
low program for partial support of this work. Work at 
Brookhaven is supported by Division of Material Sci- 
ences, U.S. Department of Energy under contract DE- 



4 



AC02-98CH10886. The work at Penn State is supported UConn is supported by the University of Connecticut 
by NSF under grant No. DMR-9702632, and work at Research Foundation. 



[1] X. X. Xi, H. C. Li, W. Si, A. A. Sirenko, I. A. Akimov, 
J. R. Fox, A. M. Clark, and J. Hao, J. Electroceramics 
4, 393 (2000). 

[2] H. Unoki and T. Sakudo, J. Phys. Soc. Japan 23, 546 
(1967). 

[3] K. A. Mller, W. Berlinger, and F. Waldner, Phys. Rev. 

Lett. 21, 814 (1968). 
[4] F. W. Lytle, J. Appl. Phys. 35, 2212 (1964). 
[5] B. Alefeld, Z. Phys. 222, 155 (1969). 
[6] H. Li, W. Si, A. D. West, and X. X. Xi, Appl. Phys. Lett. 

73, 190 (1998). 
[7] A. A. Sirenko, I. A. Akimov, J. R. Fox, A. M. Clark, 

H.-C. Li, W. Si, and X. X. Xi, Phys. Rev. Lett. 82, 4500 

(1999). 

[8] H. Li, W. Si, A. D. West, and X. X. Xi, Appl. Phys. Lett. 

73, 464 (1998). 
[9] S. Doi and I. Takahashi, Philo. Mag. A 80, 1889 (2000). 
[10] F. He, B. O. Wells, P. Alpay, S. Shapiro, M. v. Zimmer- 



mann, A. Clark, and X. X. Xi, to be published. 
[11] N. A. Pertsev, A. K. Tagantsev, and N. Setter, Phys. 

Rev. B 61, R825 (2000). 
[12] K. Hirota, J. P. Hill, S. M. Shapiro, and G. Shirane, Phys. 

Rev. B 52, 13195 (1995). 
[13] I. A. Akimov, A. A. Sirenko, A. M. Clark, J.-H. Hao, and 

X. X. Xi, Phys. Rev. Lett. 84, 4625 (2000). 
[14] H. Terauchi, Y. Watanabe, H. Kasatani, K. Kamigaki, 

Y. Yano, and T. Terashima, J. Phys. Soc. Japan 61, 2194 

(1992). 

[15] Y. Yoneda, H. Kasatani, H. Terauchi, Y. Yano, 
T. Terashima, and Y. Bando, J. Phys. Soc. Japan 62, 
1840 (1993). 

[16] Y. Yoneda, K. Sakaue, and H. Terauchi, J. Phys.: Con- 
dens. Matter 13, 9575 (2001). 

[17] F. He, B. O. Wells, S. Grenier, J. Hill, , and S. Shapiro, 
unpublished data. 



